ABSTRACT: Nickel nanoparticles modified by the adsorption of chiral amino acids are known to be effective enantioselective heterogeneous catalysts. The leaching of nickel by amino acids has a number of potential effects including the induction of chirality in the nickel atoms left behind in the nanoparticle and the creation of catalytically active nickel complexes. The adsorption of (S)-proline onto Au(111) precovered by two dimensional nickel nanoclusters was investigated by scanning tunnelling microscopy, X-ray photoelectron spectroscopy and high resolution electron energy loss spectroscopy. Adsorption of (S)-proline at 300 K resulted in the corrosion of the nickel clusters, the oxidation of the leached nickel and the on-surface formation of bioinorganic complexes, which are concluded to contain three prolinate species in an 2 octahedral arrangement around the central Ni ion. Two distinguishable forms of nickel prolinate complexes were identified. One form self-assembles into 1-D chains and the other form gives rise to porous 2-D islands. Octahedral complexes of the type M(AB) 3 are intrinsically chiral resulting in two pairs of enantiomers. The mirror symmetry of each pair of enantiomers is broken when, as in this study, the bidentate ligand itself possesses a chiral center. DFT calculations are used to examine the relative energies of each Ni(prolinate) 3 complex as isolated gas phase species and isolated adsorbed species.
INTRODUCTION
Amino acids are key building blocks in the formation of peptide linkages and proteins in biological organisms. All the proteinogenic amino acids, except glycine, are chiral having the possibility of existing in two mirror equivalent enantiomeric forms. For reasons not yet clearly understood, α-amino acids in living organisms on Earth exist exclusively in the L-enantiomeric form with the exception of a minority of amino acids in bacterial cell walls. 1 In addition to their potential role in the origin of biomolecular homochirality, [2] [3] [4] adsorbed amino acids have applications as biosensors 5 and as chiral modifiers in enantioselective catalysis. 6 The interest in amino acid interactions with surfaces has motivated many recent surface science investigations. regions separating the chains of metal organic structures. 25 Trant and Baddeley 25 proposed that the 1-D chains exhibited chiral recognition and possibly also chiral amplification effects which could be potentially exploitable in the rational design of enantioselective heterogeneous catalysts.
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Figure 1. Molecular structure of (S)-proline (A) and (S)-pyroglutamic acid (B)
In this study, we chose to investigate the structurally similar amino acid (S)-proline ( Figure   1A ) in order to probe the effect of removing the carbonyl group from the pyrrolidone ring on the ability of proline to form metal-organic structures. (S)-Proline is of additional interest as it is used widely in chiral organic synthesis, for example in the hydrogenation of α,β-unsaturated ketones 26 such as isophorone and in the hydrogenation of substituted aromatic compounds, such as unsymmetrically substituted aromatics. 27 The adsorption of proline has been reported on Cu(110), 10, 11 TiO 2 (110), 28, 29 Pd(111), 8 and Au(111) 30 surfaces. Proline adsorbs on Cu(110) as an anionic prolinate species in the μ 3 form (i.e. both oxygens of the carboxylate functionality and the nitrogen of the pyrrolidine ring are bonded to surface Cu atoms). A (4×2) structure is formed that is stable up to 450 K when decomposition occurs. Both the anionic and the zwitterionic forms are detected on TiO 2 (110) with the anionic form being the dominant species. 28, 29 The zwitterionic form becomes less stable with increasing temperature and desorbs at 600 K, though the anionic form persists. On Pd(111), proline adsorbs in either the neutral or the zwitterionic form. Adsorption below 300 K results in a mixture whilst adsorption at 300 K results exclusively in zwitterionic proline. 8 Decomposition of adsorbed proline begins at 390 K. 8 On Au(111), both the zwitterionic and neutral forms of proline are detected. At 300 K, in the submonolayer regime, these species form a 2-D gas which desorbs following annealing to 370 K. 30 In this work, the adsorption of proline has been studied on Ni/Au(111) at submonolayer coverages of Ni using scanning tunnelling microscopy (STM); high resolution electron energy loss spectroscopy (HREELS) and X-ray photoelectron spectroscopy (XPS). Proline is shown to corrosively oxidize the 2D Ni nanoclusters forming a number of ordered molecular arrangements. The composition and structure of these arrangements are identified and discussed.
EXPERIMENTAL SECTION
Low Temperature Scanning Tunneling Microscopy (LT-STM)
Low Temperature STM experiments were performed in an ultrahigh vacuum (UHV) surface analysis system with a base pressure below 1 × 10 -10 mbar consisting of a preparation chamber allowing for standard sample preparation and a microscope chamber housing a CreaTec lowtemperature STM. STM was performed at 77 K in constant-current mode utilizing homemade PtIr tips.
Ni deposition was achieved by passing a current directly through a high purity Ni filament and the Ni deposition rate was calibrated via STM by monitoring the size of the 2-D Ni clusters that nucleate into elbows of the herringbone reconstruction. 31 
High resolution electron energy loss spectroscopy (HREELS)
HREELS measurements were carried out using a VSW HIB 1000 double pass spectrometer mounted on a UHV chamber working with a base pressure better than 2 × 10 -10 mbar, in the specular geometry (θ i = θ f = 45°), with a primary beam energy of 4 eV and a typical elastic peak resolution of ca. 50 cm −1 (6.2 meV FWHM). Spectra were normalized to the elastic peak intensity. Sample preparation was carried out in an adjacent UHV preparation chamber with a base pressure better than 5×10 -10 mbar, allowing fast transfer between the two chambers and preserving a contamination free environment for HREEL measurements. A maximum likelihood based resolution enhancement method was used to recover the spectra from the instrumental broadening. 32, 33 Ni deposition was achieved with the same calibrated doser as used on the STM chamber as the doser-crystal positions were very similar in both chambers.
X-ray Photoelectron Spectroscopy (XPS)
The photoemission studies were performed at the SuperESCA beamline 34, 35 of the Elettra third generation synchrotron radiation source in Trieste, Italy. The experimental chamber was equipped with a Phoibos hemispherical energy analyzer (SPECS GmbH) with a homemade delay-line detector 36 and has a background pressure of about 2 × 10 -10 mbar. Core level spectra
were recorded with the sample at room temperature and at a photon energy of 970 eV (Ni 2p 3/2 ), 320 eV (Au 4f), 400 eV (C 1s) 500 eV (N 1s), or 650 eV (O 1s), with an overall energy resolution of better than 100-250 meV. Core level spectra binding energies were referenced to the Fermi level. XP spectra were used to verify surface cleanliness. Ni deposition was achieved using an e-beam evaporator and calibrated to the attenuation of the Au 4f peak.
In each chamber, the Au(111) crystal was cleaned by repeated cycles of Ar + sputtering at 300 K and whilst cooling from 575 K. After each sputter the surface was annealed at 825-875 K for ~10 min. 0.15 monolayers (ML) of Ni was deposited on the reconstructed surface. 37 Ni coverage is estimated from the STM images by measuring the percentage coverage of the Au substrate by
Ni clusters. The sample was then exposed to (S)-proline (SigmaAldrich, ≤99.5%) via sublimation from a solid doser in the same manner as has been previously reported. 30 The core level XP spectra were fitted using the CasaXPS commercial fitting package using a Shirley type background and a Gaussian (70%)-Lorentzian (30%) shape function for each emission.
DFT Calculations
The complex was simulated with ORCA using the PBE functional 38 with Grimme's D3 dispersion correction and Becke-Johnson damping (D3BJ). 39 The Ahlrichs def2-TZVP basis set 40 was used with f functions removed. Vibrational spectra were calculated using the same program and method.
Periodic DFT calculations were carried out using the VASP program, [41] [42] [43] using the PBE functional; a plane-wave basis set with an energy cut-off of 400 eV, PAW (Projector Augmented Wave) 44 treatment of core electrons and the VASP-supplied pseudopotentials for this method. 45 The same van der Waals correction as in the molecular calculations (D3BJ) was applied.
Adsorption energies of the complex were compared by optimising the geometry of the complex on a slab consisting of three layers of Au, with a unit cell of 49 (7×7) atoms per layer. The uppermost Au layer was allowed to relax during these optimisations, while the lower two were frozen at the optimised bulk geometry. Dipole correction 46 was applied to the direction orthogonal to the surface.
RESULTS AND DISCUSSION
We have previously investigated the adsorption of (S)-proline on Au(111) 30 Chambliss et al. 31 Subsequently, Meyer et al. 47 showed that the nucleation proceeds via a place exchange mechanism whereby a single gold atom is displaced by a diffusing Ni atom which acts as a nucleation point for island formation. Figure 3 shows a series of STM images (acquired after the sample was cooled to ~77 K) recorded as a function of annealing temperature following a 0.8 L dose of (S)-proline at 300 K onto 0.15 ML Ni/Au(111) (larger images are available in the Supporting Information, Figure S1 ). Gao et al. reported that proline multilayers are not stable on the Pd(111) surfaces under these conditions. 8 Hence, we are able to conclude that a submonolayer proline coverage is present on the surface. Figure 3A shows the surface after (S)-proline deposition. Significant etching of the 2-D Ni islands is apparent such that the number density of clusters decreases dramatically and only a few larger clusters remain. Molecular features are difficult to resolve and considerable streaking is observed which can be attributed to the rapid diffusion of molecular species. Similar behavior was reported following the adsorption of glutamic acid onto Ni/Au(111) by Trant et al. 18 After annealing to 340 K, circular molecular features are now resolvable with a diameter of ~6 Å ( Figure 3B ). There is no clear long range order though there is some evidence for the formation of disordered chains. After annealing to 370 K, similar molecular features are still observed and the Ni clusters are now so extensively etched that they are very difficult to identify ( Figure 3C ).
The STM image displayed in Figure 3D shows that annealing to 390 K yields evidence of the creation of ordered structures. Two distinct types of ordered arrangements are imaged. adsorption on Ag(111). 48 After annealing to 410 K ( Figure 3E ), the surface coverage of molecular features drops significantly to ~45% from ~75% (390 K). Furthermore, there is a dramatic reduction in the number of molecular species accommodated in chains whilst there is a large increase in the area occupied by the HP phase. Following this annealing treatment there is a tendency for the pores within the HP phase to produce an ordered arrangement with a hexagonal unit cell which is consistent with a commensurate overlayer that can be described in matrix notation as <6 -1 | 1 5>
i.e. with unit cell dimensions of 16.1 Å × 16.1 Å. The three rotationally equivalent domains of this structure are indistinguishable. It is noteworthy that no mirror domains are observed such that the islands of HP are locally chiral. Figure 3F shows the surface after annealing to 430 K. Following this annealing treatment, the HP phase is the only ordered phase observed -no evidence is found for the presence of 1-D chains. Instead, there is an emergence of small bright clusters comprising less than ten molecular-scale features, all possessing a brighter contrast than the features making up the HP and chain phases. Further annealing to 450 K ( Figure 3G ) and 470 K ( Figure 3H ) results in a decrease in the coverage of HP phase and an increase in the relative abundance of the brighter clusters, the total surface coverage falls from ~35 % to ~25%. In Figure 3G , the high resolution image of a small HP domain shows that each pore is surrounded by 6 units of three molecular features. Two adjacent pores share six of these molecular features. A feature consisting of three molecular units is imaged at the top left of the island. It is very important to note that such features are found to be the fundamental building block of each HP domain (See Supporting Information, Figure S2 ). The dimensions of the individual molecular components of the threefold feature are consistent with that of a single proline molecule. We will show that the fundamental unit is a Ni(prolinate) 3 cluster. Annealing to 470 K results in the disappearance of all HP islands with only the bright clusters remaining that co-exist with a few chain-like entities that resemble the remnants of the HP phase. Figure 4 shows the XP spectra obtained for the Ni 2p 3/2 ; N 1s; C 1s and O 1s core levels following each annealing treatment. After deposition of 0.15 ML Ni onto Au(111), the Ni2p 3/2 core level ( Figure 4A ) exhibits a single peak at a binding energy (BE) of 852.1 eV which is in the range anticipated for metallic Ni. 49 Following exposure of (S)-proline at 300 K, there is a dramatic change in the Ni 2p 3/2 line shape. The metallic Ni peak decreases in intensity and shifts to slightly higher BE (852.5 eV) and a new peak appears at 855.4 eV BE which corresponds to ~60% of the total Ni signal and is consistent with the presence of oxidized Ni species on the surface. The positions of the two features remain constant (to within ±0.1 eV) for each subsequent thermal treatment. The intensity of the 852.5 eV peak stays essentially constant with increasing annealing temperature and there is a significant decrease in the relative intensity of the higher BE feature from about 65% of the total Ni signal at 370 K to about 45% of the total signal at 450 K. The change in relative intensity can be assigned to the desorption of the Ni-containing species that gives rise to the high BE peak. The loss of intensity of the oxidized Ni species could alternatively be explained by decomposition of the Ni containing species and diffusion of Ni into the bulk. We believe that this pathway is unlikely as the onset of Ni diffusion into the Au bulk was found to occur at >500 K. species, it is known that the Ni(III) can be stabilized by certain ligating species such as amines,
XPS
carboxylates, sulfur-containing groups and peptides. 51 However, the BE of the Ni core level peak is also consistent with the presence of Ni(II) species. Figure 4B shows the XP spectra for the N 1s core level. Following adsorption of (S)-proline, the spectrum consists of two peaks of similar intensity at 399.8 eV and 401.7 eV. Annealing to 340 K results in an increase in the relative intensity of the 399.8 eV BE feature. The 401.7 eV peak is barely detectable after annealing to 370 K and is not visible at higher annealing temperatures. With increasing annealing temperature, the 399.8 eV peak shifts down reaching 399.5 eV after annealing to 450 K at which temperature a significant decrease in peak intensity is also observed. In addition, after annealing to 450 K, a small shoulder appears at 398.2 eV BE. In similar studies of amino acids on metal surfaces, the higher BE feature has been assigned to the protonated NH 2 + group of the zwitterionic form 29, 52 and the lower BE feature is characteristic of the NH group more typical of the anionic species. 8, 29 The disappearance of the zwitterionic feature in the N 1s spectrum after annealing to 390 K coincides with the onset of well-defined supramolecular assemblies in the STM images. We have shown that following the adsorption of proline onto Au(111), 30 essentially all molecular proline desorbs by 370 K. We therefore assign the 401.7 eV feature to the presence of molecular proline in the zwitterionic form. Therefore, from the N 1s data, we are able to conclude that following annealing to 390 K and above, all proline contains an NH group hence is in either the anionic form or the neutral (non-zwitterionic)
form.
The O 1s core level XP spectra are displayed in Figure 4C as a function of annealing temperature. At all annealing temperatures, a single asymmetric peak is present which was fitted with four components that were found to be present in the O 1s spectrum of proline on Au(111) 30 . The resulting spectra are comprised of four components analogous to the behavior of proline on Au(111) 30 and trimesic acid on Cu(111), 53 however, two of these features make up >90% of the total O 1s spectrum at each annealing temperature, whilst the two smaller components are barely visible but can be seen in the expanded spectra contained in the Supporting Information ( Figure S3) . A large central feature at 531.5 eV BE contributes 70-90 % of the total oxygen signal at all stages of the experiment and can be assigned to the oxygen atoms of the electronically delocalized carboxylate species. Two significantly smaller features can be fitted at higher BE, one at 533.7 eV (hydroxyl oxygen; 7 %) and the second at 532.5 eV (carbonyl oxygen of the carboxylic acid moiety; 15 %). It should be noted that the hydroxyl oxygen could result from a low level of background water adsorption. The final peak forms a small shoulder to the large peak at 529.3 eV and never contributes more than 2% of the total oxygen signal. The BE of the main component of the O 1s signal was found to remain essentially constant (within ±0.1 eV) throughout the annealing treatments. From the spectral components of the O 1s core level, we can conclude that the majority of adsorbed proline contains the carboxylate functionality with a delocalized electronic charge while some exists with the carbonyl group intact either as part of a O=C-OH or a O=C-O -functionality. Since the high BE feature attributed to the hydroxyl group never contributes more than ~7% of the total oxygen signal and after annealing to 390 K all the nitrogen exists as NH, it is clear that almost all proline species are present in the anionic form, mainly existing in the delocalized carboxylate form with a small contribution from prolinate species containing the O=C-O -functionality. There are negligible levels of neutral or zwitterionic proline present. This is consistent with the behavior of proline on Au(111) in the absence of Ni 30 where molecular desorption/decomposition occurred at 370 K. Thus we infer that all proline present on the surface above this temperature in this study is adsorbed to residual Ni clusters or bound to a Ni ion in an organometallic complex. Figure 4D shows the C 1s XP spectra as a function of annealing temperature. Two relatively broad peaks are resolvable in the unfitted spectra. As with the O and N 1s spectra, the C 1s spectra are broadly similar to those we reported for proline on Au(111). 30 On Au, five peaks were resolved at binding energies of 283.2 eV (a low intensity feature); 285.1 and 286.0 eV (two peaks of similar (relatively high) intensity); 287.9 eV and 289.3 eV. 39 On Ni/Au(111), the C 1s spectra are less well resolved, with only two asymmetric peaks being visible in the unfitted spectra. Each of these peaks contain contributions from two components by analogy with the study on Au(111). 30 The larger peak contains contributions from components of similar intensity at 286.1 and 285.3 eV (corresponding to carbon atoms of the pyrrolidine ring), with a small low BE peak at 284.0 eV. After annealing to 390 K, the component at 286.1 eV becoming relatively more intense whilst the component at 285.3 eV becomes less intense. The integrated intensity of these two peaks remains constant (~40 % of the total C 1s signal). The presence of multiple prolinate species on the surface and residual Ni clusters make drawing conclusions on ringorientation from relative intensities extremely difficult.
The smaller component at a BE of 288.3 eV was fitted with two components (in line with the study of proline on Au(111) 30 ) and can be assigned to the carboxylate functionality (288.3 eV) with a small, almost negligible, contribution from the carboxylic acid functionality (289.7 eV). 30 The intensity and BE of the 288.3 eV peak stays essentially constant with increasing annealing temperature.
From XPS, we may conclude that, after annealing to 390 K to remove unreacted zwitterionic proline, the surface is covered in nickel prolinate complexes. The presence of the trimeric features in the STM images suggests the possibility that Ni(prolinate) 3 species have been formed.
If such species contain Ni(III) ions, the overall charge would be neutral. If the oxidation state of
Ni is +2, the species would have an overall negative charge.
Trimeric features of this type of structure were never observed following proline adsorption on Au(111), 30 hence the molecular array is stabilized by the presence of Ni. Most commonly, amino acids deprotonate on single crystal metal surfaces and adsorb in the anionic form 10, 54, 55 and the annealing temperature required to form the HP phase is significantly above the desorption temperature of H 2 from either Ni or Au surfaces. Hence, it is likely that the proline species present in the HP phase are in the anionic form. In order to achieve a charge balance the most logical explanation is that the trimers correspond to a Ni(prolinate) 3 complex with the Ni ion bearing a formal positive charge.
DFT
It is known that proline can form stable octahedral anionic complexes with Ni and a stabilizing countercation 56 with a similar structure to that of Co(prolinate) 3 . 57 In each of these complexes, when describing the 3-D structures of these complexes is that although, for example, the Δ-facand Λ-fac-isomers are mirror images in terms of the chelating atoms, the chirality of the proline ligands removes the mirror relationship between the two isomers. Furthermore, in the gas phase, an isolated proline molecule can exist as either cis-or trans-isomers; in the trans-isomer the carboxylic acid moiety is in the same plane as the pyrrolidine ring, whereas in the trans-isomer they are in different planes. The DFT calculations only considered the cis-conformer bound to the Ni ion since this is the conformer found in the crystal structures of proline 60 and Co(prolinate) 3 .
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From the point of view of their interaction with the Au surface, the key difference between the isomers is the relative position of the three pyrrolidine rings to each other, this will affect not only the stability of the complex but also the adsorption footprint, along with interactions between neighboring complexes.
DFT calculations were carried out to ascertain the relative stability of all four-isomers in the gas phase and also of each isomer adsorbed onto an Au slab (Table 1 ) and Figure 6 . Calculations were carried out on isolated adsorbed species and do not take into account interactions between adjacent Ni(prolinate) 3 units.
energy between Λ and Δ. The Δ-fac-enantiomer is more stable than the Λ-fac-enantiomer by ~25 kJ mol -1 . The likely bonding configuration of these species with the Au surface would be via the carboxylate functionalities. Surprisingly, we found that the relative energies of both the two facial and the two meridional enantiomers are reversed on adsorption. We anticipated that there would be very little difference in adsorption energy as the relative position of the pyrrolidine rings has negligible impact on the interaction of the molecule with the surface. However, the calculations reveal that the adsorbed Λ-fac-enantiomer is more stable than the Δ-fac-enantiomer by 21 kJmol -1 . We therefore conclude that the Λ-fac isomer is thermodynamically favored over the Δ-fac-enantiomer when adsorbed on the Au surface. The three fold symmetry of the facial isomers is similar to that observed in the HP phase, so we conclude that the HP phase is constructed from Λ-fac -isomers. On a relatively unreactive surface such as Au, intermolecular interactions are often critical in determining the relative thermodynamic stability of different ordered arrangements. If intermolecular interactions are taken into account, it is likely that the relative abundance of adsorbed Λ-fac -isomers over the Λ-mer isomers can be explained despite the fact that the latter has a more favourable adsorption energy as an isolated species.
It is clear from the STM images that the trimers can stack in various different ways, some of them producing hexagonal pores characteristic of the HP phase. It is also possible to stack the trimers in denser arrangements forming 'pore-less' islands. As Figure S2 shows (Supporting Information), trimers are able to assemble into 1-D chains but these are morphologically distinct from the 1-D chains shown in Figure 3E . The Δ-mer species, which is the most stable in the gas phase, is found to be the least stable species on the surface, so we do not expect this to be present to any significant extent in the observed phases. The meridional isomers can be described as having two of the three carboxylates on one side of the Ni ion and the third on the opposite side.
If the interaction with the surface is dominated by the carboxylate moieties, it seems likely that the optimum adsorption geometry would involve two carboxylates binding to the surface with the third pointing away from the surface.
In the STM image of the chains of molecular features, an alternation of features exhibiting bright and dark contrast is observed with two darker features being observed for every bright feature. We conclude that the chains are constructed from meridional (Λ -mer) isomers and that the bright features are associated with the carboxylate groups pointing away from the surface . Figure 7 . Enhanced HREEL spectra of (S)-proline exposed at 300 K to approximately 0.2 ML Ni on Au(111) as a function of annealing temperature. All spectra were recorded at 300 K. The lower two spectra are theoretical vibrational spectra of isomers of Ni(prolinate) 3 . In these cases, the more intense features have been truncated to allow the weaker features to be observed.
HREELS
The HREEL spectra in Figure 7 were acquired at 300 K after exposing ~0. , pyr buckle ρ = rock, ν = stetch, ω = wag, δ = bend, τ = twist, as = asymmetric, s = symmetric, breath = ring breathing, pyr = pyrrolidine ring, chel = chelating ring. Table 2 shows the assignments of the vibrational bands. In addition, calculated vibrational spectra for the gas phase Λ-mer and Λ-fac Ni(prolinate) 3 complexes are shown in Figure 7 and the vibrational frequencies are displayed in Table 2 . A comprehensive list of vibrations and assignments are available in Table S1 (Supporting Information). There is good agreement between the bands predicted from the DFT calculation and the loss features observed in the HREEL spectra. The DFT simulation predicts bands at 260 and 306 associated with the Ni-O stretching mode) and a carbonyl band at 1678 or 1671 cm -1 . The loss features in the HREEL spectra at ~1650 cm -1 are significantly higher in frequency than is typical for an asymmetric carboxylate stretching frequency. 54 In the DFT calculations, a band at this frequency is one of the most intense and is assigned to the C=O stretch of the carbonyl groups. In the experimental HREEL spectra, though present, this band is relatively weak.
The most likely explanation is that this band corresponds to the carbonyl group of the mer trimer which is not involved in bonding with the surface. In the experimental data a relatively intense band is observed in the 1420-1440 cm -1 range. In the DFT calculation, no intense feature is predicted at this frequency.
This band can be assigned to the symmetric stretching mode of the carboxylate moiety 11 and may contain a contribution from the presence of prolinate species on residual nickel clusters.
However, the weak carbonyl feature in the HREEL spectra coupled with the intense carboxylate feature in the XPS spectra suggest that the Ni(prolinate) 3 There is a decrease in the intensity of the higher BE feature in the Ni 2p 3/2 XP spectra and a decrease also in the intensity of the C, N and O core level peaks. The identification of the chemical composition of these clusters requires further work -it is likely that they are the result of surface decomposition and/or polymerization. 
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